decline of 2% from baseline, whereas obese patients (body mass index !30 kg/m 2 ) did not reach a nadir and lost $3.8% of their weight by the 12th month. Compared with the reference group (À2 to 2% changes in weight), the death hazard ratios (HRs) of patients with À6 to À2% and greater than or equal to À6% weight loss during the first 5 months were 1.08 (95% confidence interval, 1.02-1.14) and 1.14 (1.07-1.22), respectively. Moreover, the death HRs with 2-6% and !6% weight gain during the 5th to 12th months were 0.91 (0.85-0.97) and 0.92 (0.86-0.99), respectively. Conclusions. In patients who survive the first year of hemodialysis, a decline in post-dialysis weight is observed and reaches a nadir at the 5th month. An incrementally larger weight loss during the first 12 months is associated with higher death risk, whereas weight gain is associated with greater survival during the 5th to 12th month but not in the first 5 months of dialysis therapy.
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I N T R O D U C T I O N
Obesity is believed to be an important risk factor for cardiovascular disease, chronic kidney disease and mortality in the general population [1] [2] [3] . However, it has been found to have paradoxical associations with outcomes in severely ill patients such as those with congestive heart failure, chronic obstructive pulmonary disease and rheumatoid arthritis [4] [5] [6] . This phenomenon has been referred to as the 'obesity paradox' or 'reverse epidemiology', where obesity has actually been associated with better survival [7] [8] [9] [10] [11] . This inverse relationship between obesity and outcomes is particularly strong and consistent among patients with end-stage renal disease (ESRD) [12] .
In particular, many observational studies among patients undergoing maintenance hemodialysis (MHD) have shown that a higher baseline body mass index (BMI) at dialysis initiation, not a lower BMI, is associated with better outcomes [13] [14] [15] [16] [17] [18] . However, most literature on obesity in ESRD has examined the association of baseline BMI levels ascertained at a single point in time with future outcomes, which offer limited insight into how changes in weight over time impact outcomes in dialysis patients. Recent large observational studies on changes in weight over time on dialysis have also indicated that weight gain, mostly in the first 6 months after starting dialysis, is associated with better survival, whereas weight loss harbors a higher death risk [19] [20] [21] [22] [23] . Trends in weight change after starting dialysis have not yet been characterized in these studies. However, it should be noted that patients' weight is a fluctuating parameter, which is not static but dynamic over time [24] . Given frequent observations in clinical practice that patients' weight tends to rapidly decrease in the first few months of starting hemodialysis, and then gradually increase or stabilize during treatment, it could be speculated that the associations of changes in weight with mortality may differ according to the time period in which this occurs. For example, weight changes in the early phases of dialysis may have a differential association with outcomes when compared with changes in later phases of dialysis. However, this hypothesis has never been tested.
Therefore, we undertook this study to characterize trends in post-dialysis dry weight changes during the first year of dialysis initiation and to also evaluate the association of weight changes with mortality in incident hemodialysis patients. Given that the baseline BMI may affect the trajectory of weight changes over time, we also examined the potential contribution of baseline BMI to this weight change-mortality relationship. We hypothesized that the inverse association between changes in weight and mortality in MHD patients are consistently observed independent of baseline BMI and may be even stronger in the early months of weight loss.
M A T E R I A L S A N D M E T H O D S

Study population
We extracted and examined data from all patients with ESRD who underwent MHD treatments between January 2007 and December 2011 within one of the outpatient facilities of a large dialysis organization. The creation of this patient cohort has been described previously [25] . Patients were included provided that they were 18 years or older and received dialysis therapy for at least 60 days. We additionally restricted our analysis to patients who were treated with only in-center hemodialysis over the entire duration of follow-up and who survived during the first year of dialysis initiation. We further excluded those patients with missing BMI data and those with baseline BMI data <15 or >60 kg/m 2 . Therefore, the final study population consisted of 58 106 patients ( Figure 1 ). The study was approved by the University of California Irvine. Given the large sample size, anonymity of the patients studied and nonintrusive nature of the research, the requirement for written consent was waived.
Demographic, clinical and laboratory measures
Data from dialysis facility electronic medical records were used to determine demographics and comorbidities. Each patient's weight is measured and recorded at the beginning and the end of every dialysis treatment. BMI was calculated from post-dialysis dry body weight in kilograms divided by height in meters squared. To minimize measurement variability, patients' weights for each month interval from the date of dialysis therapy initiation were averaged into one-single monthly value. In conjunction with body weights, ultrafiltration and post-dialysis systolic blood pressure (SBP) were also ascertained as the mean of all available values over successive monthly intervals from the date of dialysis initiation. The patients' first month of dialysis was considered the baseline month. Accordingly, each patient had up to 13 recorded body weight, ultrafiltration and postdialysis SBP measurements corresponding to thrice-weekly MHD treatments. All repeated laboratory parameters were averaged for each patient for each month and used in all models. Blood samples were drawn using standardized techniques in all dialysis clinics and were transported to a central laboratory in Deland, Florida, typically within 24 h. All laboratory values were measured using automated and standardized methods.
The study outcome of interest was all-cause mortality, and patients were followed over a 4-year period from the first day of the second year of starting hemodialysis therapy. Patients were censored for loss to follow-up, discontinuation of dialysis therapy, kidney transplantation or transfer to a nonaffiliated dialysis clinic.
Statistical analyses
We examined the trend of changes in weight during the first year of dialysis using linear regression models with unstructured variance to account for intrasubject correlations in repeated measurements. For sensitivity analyses, we also examined the trajectories of change in monthly averaged ultrafiltration and post-dialysis SBP during the first year following dialysis initiation to further address the potential role of volume factors for change in body weight. To evaluate its relationship with baseline BMI, we divided BMI into four a priori selected categories: underweight (<20 kg/m . These increments were consistent with those selected in our previous study [19] . Although underweight BMI has been usually defined as <18.5 kg/m 2 based on the World Health Organization guidelines, in an attempt to minimize the possible statistical error which can be caused by lower sample size in this group (n ¼ 1442; 2.5% of entire cohort), we considered underweight patients as those included in the lowest BMI category (<20 kg/m 2 ) in this study [26] . Based on results from the trend analyses, we decided to divide the first year weight change observational period into two different intervals, between 1-5 months and 5-12 months. We calculated changes in weight during each interval according to the difference between consecutive post-dialysis weight values, expressed as a percentage [interval 1 weight change: 100Â ((month 5 post-dialysis weight (kg) À month 1 post-dialysis weight (kg))/ month 1 postdialysis weight (kg)) %; interval 2 weight change: 100Â ((month 12 post-dialysis weight (kg) À month 5 post-dialysis weight (kg))/ month 5 post-dialysis weight (kg)) %]. Additionally, we divided the percent weight change in each interval into five ordinal categories (less than or equal to À6%, À6 to less than or equal to À2%, À2 to 2%, 2 to <6%, and !6%). Categories were selected based on identifying the middle quintile range (À2 to 2%, reference group) weight change during the first year of dialysis and adding a 4% weight change increment in each direction. For subsequent analyses, the effect of weight changes was nested within BMI categories, creating a 20-category 'BMIweight changes' variable. Normal weight (BMI of 20 to <25 kg/ m 2 ) and minimal weight change (À2 to 2% of weight change) were designated as the reference groups. In sensitivity analysis, associations of weight changes were additionally examined across strata of ultrafiltration (<1.5, 1.5 to <2.5, 2.5 to <3.5 and !3.5 kg) and baseline serum albumin concentrations (<3.2, 3.2 to <3.5, 3.5 to <3.8 and !3.8 g/dL).
Cox proportional hazard regression models were performed to study the associations of weight changes during two time intervals over the first year of dialysis with all-cause mortality and to assess the effect of baseline BMI on these associations. Weight change percentage exposures were evaluated both as continuous and categorical predictors. For each analysis, three models were constructed based on the level of multivariate adjustment: (i) minimally adjusted models, which included the weight change percentage exposure interval of interest and weight of first month in each treatment period (month 1 or month 5 in intervals 1 or 2, respectively); (ii) case-mix adjusted models, which adjusted for baseline characteristics of age, sex, race/ethnicity (white, African American, Hispanic, Asian or other), primary insurance (Medicare, Medicaid or other), initial vascular access type (central venous catheter, arteriovenous fistula, arteriovenous graft or other), 10 comorbid conditions (diabetes mellitus, hypertension, atherosclerotic heart disease, congestive heart failure, other cardiovascular disease, cerebrovascular disease, dyslipidemia, HIV, chronic obstructive pulmonary disease and malignancy), alcohol dependence, substance abuse, dialysis ultrafiltration and dialysis dose as indicated by single-pool Kt/V; and (iii) case-mix plus malnutrition-inflammation-cachexia syndrome models, which included all covariates in the case-mix model plus 10 laboratory variables that bear associations with clinical outcomes in hemodialysis patients: white blood cells, lymphocytes, serum albumin, creatinine, bicarbonate, calcium, phosphorus, hemoglobin, total iron binding capacity and normalized protein catabolic rate. Both baseline month 1 and month 5 (or month 5 and month 12) laboratory values were included in the respective models. Mortality associations are expressed as a hazard ratio (HR) and 95% confidence interval (CI).
Data were summarized using proportions, means (6standard deviation, SD) or median (interquartile range) as appropriate, and were compared using ANOVA, KruskalWallis and v 2 tests, respectively. Patients were excluded from an analysis if they had missing covariate data (<1% for all tests). All statistical analyses were implemented using Stata, version 13.1 (Stata Corp LP).
R E S U L T S
Patient characteristics
The baseline demographics, clinical and laboratory characteristics of the patients stratified by categories of baseline BMI Table 1 . The mean age of patients was 61.8 years (range, 18-109 years), 44% were females and 68% were diabetic. The mean starting post-dialysis weight and baseline BMI were 81.6 6 21.9 kg and 28.7 6 7.1 kg/m 2 , respectively. Patients with a higher baseline BMI tended to be younger and diabetic, had a lower achieved dialysis adequacy, but had higher ultrafiltration. Patients in the lowest BMI group tended to be Asian and had a lower creatinine.
Trends in weight change during the first year of dialysis
After initiating dialysis, patients' weight on average rapidly decreased and reached a nadir of weight at the 5th month of dialysis with an average weight drop of 2% from baseline; thereafter patient weights gradually increased up to the 12th month (Figure 2A ). However, trends differed across groups of baseline BMI groups. Obese patients (BMI !30 kg/m 2 ) did not reach a nadir and lost $3.8% of their weight by the 12th month Data are presented as the mean 6 standard deviation or percentages. Figure 2B ). In sensitivity analyses, when extending the observation period up to the first 2 years of dialysis in 33 209 patients who survived over 2 years of therapy, trends in weight change were observed to be similar (Supplementary data, Figure S1 ). In addition, we also examined the trends of change in monthly averaged ultrafiltration and post-dialysis SBP during the first year following dialysis initiation to further address the potential role of volume factors for change in body weight. We found that their trends did not mirror the body weight trajectory over time; ultrafiltration rapidly increased up to the 5th month of dialysis and then gradually increased without a nadir, whereas post-dialysis SBP sharply decreased up to the 5th month of dialysis and continued to decrease by the 12th month of dialysis. Unlike body weight, the trends were also consistent across all baseline BMI categories (Supplementary data, Figure S2 ).
Body weight changes and all-cause mortality
During the mean follow-up of 17.3 months, 12 913 deaths occurred with a crude mortality rate of 154 deaths per 1000 patient-years (95% CI, 151-157). To account for weight changes in the first year of dialysis and assessment of all-cause mortality, we performed Cox regression analyses separately according to (Table 2 ; Figure 3 ). Given the body weight changes occurring between the 1st and 5th months, compared with the reference group (À2 to 2% of weight change), the association between weight changes of À6 to À2% and greater than or equal to À6% with mortality were: HR 1.08 (95% CI, 1.02-1.14; P¼ 0.013) and HR 1.14 (95% CI, 1.07-1.22; P < 0.001), respectively. Notably, the observed associations of weight changes with mortality were even stronger when changes in weight between the 5th to 12th months were considered. Each 4% increase of body weight between the 5th and 12th months was associated with an HR of 0.92 (95% CI, 0.90-0.93; P < 0.001), whereas this same degree of body weight change was associated with an HR of 0.96 (95% CI, 0.95-0.98; P < 0.001) over first 5 months. Moreover, patients with 2-6% and !6% of weight gains were significantly associated with 9% and 8% lower risks of death, respectively. In addition, when we considered changes in body weight as an absolute amount (kg) as opposed to a proportion of overall weight, associations between weight change and mortality were similar and consistent, indicating that incrementally greater declines in post-dialysis dry weight during the first 12 months of dialysis therapy were associated with higher death risk, whereas weight gain was associated with greater survival during the 5th to 12th months, but not in the first 5 months of dialysis therapy (Supplementary data, Table S1 ).
Mortality risk for combinations of weight change with baseline body mass index
As we found that the trends in weight change differ according to baseline BMI, we additionally examined for potential effect modification of baseline BMI on the weight-mortality relationship. Mortality risks for combinations of weight changes with baseline BMI are shown in Table 3 and Figure 4 . Similar inverse relationships between percent changes in weight and mortality were observed in all stratified BMI groups; patients undergoing a weight loss in both intervals had a higher death risk, whereas weight gain was associated with better survival, except in patients with extreme weight gain (!6%). Moreover, this relationship was particularly linear and strong among patients with normal BMI (20-25 kg/m 2 ) at the time of dialysis initiation. When considering kilogram changes in weight, similar associations were found, suggesting that the association between weight changes and mortality might be influenced by baseline BMI, but the trend of an inverse relationship between the two is likely to be consistent across all BMI strata (Supplementary data, Figure S3 ). Finally, to address possible confounding effects between weight changes and ultrafiltration and malnutrition-inflammation, we performed additional sensitivity analyses based on a priori defined mean ultrafiltration (<1.5, 1.5 to <2.5, 2.5 to <3.5, and !3.5 kg) and baseline serum albumin concentrations (<3.2, 3.2 to <3.5, 3.5 to <3.8, and !3.8 g/dL) in each time period. These findings also showed that association between incrementally higher losses in post-dialysis weight and poorer survival was strong and consistent across all ultrafiltration and albumin groups (Supplementary data, Figures S4 and S5 ).
D I S C U S S I O N
In a large contemporary cohort of 58 106 patients treated with thrice-weekly MHD for up to 5 years, and who survived the first year of hemodialysis, we showed that patients undergo rapid weight losses in the first 5 months after starting dialysis, but that these trends differ across different baseline BMI strata. Moreover, incrementally greater declines in post-dialysis dry weight during the first 12 months of dialysis therapy were associated with a higher death risk, whereas weight gains were associated with greater survival during the 5th to 12th months, but not in the first 5 months of dialysis therapy. The linear inverse relationships between changes in weight and mortality were consistent across all baseline BMI strata.
It has been clinically observed that hemodialysis patients tend to undergo rapid weight loss in the first few months of has not yet been characterized in large observational studies. The robust analyses of our study using linear regression models clearly showed that patients who survived the first year of dialysis reached a nadir of weight at the 5th month of dialysis with an average decline of 2% from baseline. When extending the observation period up to the first 2 years of dialysis, this trend was consistent and robust, supporting that body weight is a fluctuating parameter in patients undergoing MHD. Moreover, obese patients (BMI !30 kg/m 2 ) did not reach a nadir and lost $3.8% of their weight by the 12th month, suggesting that the trajectory of weight change during the first year of therapy may differ by baseline BMI.
A few prior studies have examined the association of weight change over time on dialysis with mortality outcomes, but have focused solely on the first few months after dialysis initiation [19] [20] [21] [22] [23] . Kalantar-Zadeh et al. [19] explored the impact of changes in weight by examining the regression slope of changes in weight over time on all-cause and cardiovascular mortality in Table 3 . Adjustments in minimally adjusted models: mortality data and weight of first month in each treatment period; case-mix adjusted models: minimally adjusted model plus baseline characteristics of age, sex, race/ethnicity (white, African American, Hispanic, Asian or other), primary insurance (Medicare, Medicaid or other), vascular access type (central venous catheter, arteriovenous fistula, arteriovenous graft or other), 10 comorbid conditions (diabetes mellitus, hypertension, atherosclerotic heart disease, congestive heart failure, other cardiovascular disease, cerebrovascular disease, dyslipidemia, HIV, chronic obstructive pulmonary disease and malignancy), alcohol dependence, substance abuse, dialysis ultrafiltration and dialysis dose as indicated by single-pool Kt/V; case-mix plus malnutrition-inflammation-cachexia syndrome (MICS) models: case-mix adjusted model plus 10 laboratory variables including white blood cells, lymphocytes, serum albumin, creatinine, bicarbonate, calcium, phosphorus, hemoglobin, total iron binding capacity and normalized protein catabolic rate. BMI, body mass index; HR, hazard ratio; CI, confidence interval.
a 2-year non-concurrent cohort of 54 535 MHD patients in the USA and found that progressively worsening weight loss was significantly associated with poorer survival and higher cardiovascular mortality. In addition, Chazot et al. [20] conducted a prospective observational study of 5592 incident hemodialysis patients in Southern Europe between January 2000 and September 2005 and also showed that patients with a decrease in weight (less than À5.8% in 1 year) had significantly lower survival compared with patients whose body weight remained stable during the first year of dialysis. Similarly, several recent studies on weight changes among patients treated with MHD have consistently described that short-term weight gains and losses were associated with lower and higher mortality risk, respectively, in the first 6 months of dialysis [21] [22] [23] . Of note, none of the aforementioned studies described the patients' weight change trajectory over time, or took into consideration weight change-mortality association analyses.
To date, only one other study has examined the association of weight trajectories in the first year of dialysis with survival. In a study of 363 patients who initiated hemodialysis in France and survived the first year of therapy, the authors reported that body weight decreased by 6.5% during the first 8 weeks, but the initial weight change was not associated with patient survival [27] . In contrast, in our large study, patients reached a nadir of weight at the 5th month of dialysis with an average decline of 2% from baseline, and weight loss in this period was also significantly associated with a higher mortality. Notwithstanding this difference, both studies corroborate that there may be a favorable impact of weight gain after an initial phase of weight changes on patient survival. The rapid loss of weight in the post-dialysis period is likely due to ultrafiltration and dry weight achievement; this is presumably more accentuated in patients with more volume overload in the pre-renal replacement therapy period. Hence the association of initial rapid weight loss with mortality could reflect an underlying more severe congestive heart failure (something that may not be captured by the binomial congestive heart failure diagnosis used for adjustment). The weight change occurring later is more likely to reflect changes in nutritional status. These two different mechanisms may also explain why the associations with mortality are quantitatively different in the two time periods, being more robust in the later one.
Another notable finding in our study is the impact of baseline BMI on the association of change in weight with mortality. This is of particular interest because it could be speculated that weight changes in obese and lean patients may be precipitated by different factors and thereby may have different associations with mortality. Interestingly, one recent study of 6797 European prevalent hemodialysis patients recruited and followed prospectively for over 3 years addressed this issue [23] . They evaluated the association of weight changes in the first 6 months of dialysis with mortality and showed that weight loss during the first 6 months of dialysis was associated with higher mortality independent of baseline BMI, while a 6-month dry weight gain was associated with lower mortality in all BMI groups except among obese patients (BMI >30 kg/m 2 ), in whom no benefit was observed. Similarly, in our study, weight gain was significantly associated with greater survival during the 5th to 12th months, but not in the first 5 months of dialysis therapy (Table 2) . On the other hand, compared with patients with normal BMI (20-25 kg/m 2 ) and minimal changes in weight (À2 to 2% of weight) as reference, obese patients (BMI !30 kg/m 2 ) with weight gains of 2-6% and !6% during the 5th to 12th months had 31 and 24% lower risks of death, respectively (Table 3 ). This finding suggests that weight gain may indeed be protective and affords survival advantages in obese MHD patients. Most likely, the more subdued benefit associated with weight gain in patients with baseline obesity may not be readily apparent; again it is more crucial to understand the dynamics of weight changes over time and their impact on patient survival across the different time periods.
Despite the strengths of our study including a large sample size of >50 000 MHD patients, a relatively long follow-up for up to 5 years and serial monthly weight measurements that enabled linear mixed regression models to account for the trajectory of weight changes over time, several potential limitations should be mentioned. First, observed changes in weight may have been unintentional, and our study cannot differentiate between intentional versus spontaneous weight loss or gain. Moreover, it is unclear what the exact reason(s) for the observed weight change might be; these could include changes in hydration status and body composition (i.e. water, lean body mass and fat mass) over time, or a combination of them. Second, we cannot definitely determine whether weight loss contributes directly to patient death or may be confounded by the poorer health status of patients [28] . However, given the recent observational study showing the linear inverse association of BMI and patient survival using a quasi-experimental marginal structural model design, we might postulate that the obesity paradox in ESRD is unlikely to be due to residual confounding alone and has biologic plausibility [29] . However, interventional studies are warranted to examine this hypothesis. Third, residual confounding may still be a limitation as we did not have complete data on intercurrent illnesses, residual renal function and inflammatory markers such as serum C-reactive protein.
Additional confounding factors such as acute illnesses, hospitalization and infection were not captured in this database. Therefore, we cannot assume that all measured covariates are sufficient to adjust for all biases; nonetheless, it can be addressed at least in part by vigorous adjustment for measured covariates such as demographic, clinical and laboratory parameters. Finally, it should be mentioned that our study examined US patients who survived the first year of dialysis, which may raise concerns about selection bias. Thus, the results of our study should be interpreted in light of some potential survival bias and the differences in obesity prevalence trends between the USA and other regions such as Europe and Asia.
In conclusion, among patients treated with MHD who survived the first year of dialysis, post-dialysis dry weight change over time reaches a nadir at the 5th month after dialysis initiation. Incrementally larger drops in post-dialysis dry weight over the first year of dialysis therapy are associated with higher death risk, whereas weight gain is associated with greater survival only during the 5th to 12th months, but not in the first 5 months of therapy. Moreover, this detrimental or protective association of weight loss or gain with patient survival is consistent across all baseline BMI categories. These findings may have important clinical implications in dialysis patient care. The interesting results of this study warrant further investigation through interventional trials in MHD patients.
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